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Abstract 
The application of a novel energy auditing scheme in a real water supply system and its sub-systems to determine major 
sources of energy inefficiency is presented. This scheme has been consolidated in the Portuguese National Initiative for the 
management of water-energy losses (www.iperdas.org). Within this initiative, 17 water utilities have carried out energy audits 
following a two-step procedure: (i) simplified energy auditing and calculation of efficiency metrics for the global system and for 
sub-systems and (ii) detailed energy auditing for critical sub-systems. The case-study of Águas do Sado water utility is presented 
to illustrate the application of this approach. This system has 25% of non-revenue water and consumes 5.5 GWh per year, which 
is approximately twice the minimum energy required. The analysis of the respective 17 sub-systems has shown that the major 
inefficiencies are due to topography constraints, to water losses and to the lack of intermediate service pressure levels. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Improving efficiency in water supply systems, through a more rational use of energy and control of non-revenue 
water, is one of the main goals of utilities. Energy consumption by public drinking water utilities, which are 
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primarily owned and operated by local governments, can represent 30-40% of operational costs [1]. Saving water 
and energy is becoming a priority for most water utilities worldwide. This is not only due to technical and economic 
reasons (i.e., to improve performance and to reduce O&M costs), but also due to environmental and societal 
concerns associated with climate change and the reduction of carbon emissions and the greenhouse effect [2].  
Energy is consumed by individual assets (treatment and pumping equipment) and by the conveyance process. 
Typical solutions to improve energy efficiency focus either on individual assets, namely pump and treatment 
equipment, or on the optimization of pump scheduling [3]. Evaluating energy efficiency from the system point of 
view, accounting for system design and valve operation aspects, is usually secondary and, often, forgotten. In 
addition, few studies have followed this system approach using real data and most of the energy efficiency metrics 
from literature lack reference values taken from real-life systems [4].  
This paper presents an energy auditing consolidated in the Portuguese National Initiative for the control of water 
losses (www.iperdas.org) [5]. iPerdas collaborative project aimed to support water utilities in developing their own 
water-energy losses management plan following a joint training and capacitation approach. The approach for water-
energy loss management process is achieved through the adoption of continuous improvement principles, 
embedding the key requirements of the ISO 50001 and ISO 55000/55001/55002 standards on energy efficiency and 
asset management, respectively [6, 7]. Within this initiative, 17 water utilities have carried out energy audits 
following a two-step procedure: (i) simplified energy auditing and calculation of efficiency metrics for the global 
system and for smaller sectors and (ii) detailed energy auditing for critical sectors. In the first step, the major 
outcome is the possibility of ranking water sectors in terms of energy efficiency, without missing the global 
efficiency numbers. In the second step, critical sectors are thoroughly analysed to identify energy improvement 
solutions.  
The aim of the curent paper is the application of a consolidated energy auditing scheme in a real water supply 
system and its water sectors in order to determine major sources of energy inefficiency. The paper presents the two-
step procedure for the energy assessment, followed by its application to the case-study of Águas do Sado water 
utility and, finally, main findings are presented and results discussed.  
 
Nomenclature 
J   water volumetric weight (9800 N/m3) 
T
i
N  annual volume of water supplied by the reservoir or storage tank i (m3) 
T
i
NH  piezometric head at the reservoir or storage tank i expressed in terms of the zero-reference elevation (m) 
S
i
N  annual volume of water supplied by the pump i (m3) 
i
SH   piezometric head at pump expressed in terms of the zero-reference elevation (m) 
 SK  pump efficiency (-) 
i
Sz  pump topographic elevation (m) 
0z  zero-reference elevation (m) 
 B annual energy bill from the electric company (kWh) 
inE  annual energy input in the system (kWh) 
in  annual volume of water supplied to the system (m3) 
AC  annual volume of authorised consumption in the system (m3) 
WL  annual volume of water losses in the system (m3) 
min
iH  minimum required piezometric head at node i in terms of the zero-reference elevation (m) 
recE  annual energy recovered by the system (kWh) 
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maxz  maximum elevation (m) 
z  average elevation (m) 
2. Methodology 
2.1. Energy auditing scheme definition 
The first step towards the assessment of energy efficiency is the definition of an energy auditing scheme that 
comprises all the aspects where energy is consumed or dissipated, from the source to the consumer´s tap. For this 
purpose, the scheme proposed by [4] was adopted, as depicted in Fig.  1. The energy supplied to a given system can 
come from reservoirs or water storage tanks (natural input energy) or from pumping stations (shaft input energy). 
From the total energy input, part of the energy is used to deliver authorized consumption and the other part is lost 
due to the water losses in the system. From the total energy associated with authorized consumption, part is used to 
deliver water to the consumers and the remaining part is dissipated either in the conveyance system or in the 
equipment or devices (valves, pumps). Some of the energy can also be recovered when there are good conditions for 
installing microturbines. The component to be recovered can come from authorized consumption or from water 
losses. In terms of the energy due to water losses part is dissipated in the nodes where losses occur, and the 
remaining is dissipated in the pipes and other devices.  
This energy auditing scheme has two main advantages: on the one hand, it has similarities with the water balance, 
which enables an easier understanding of the joint-management between water and energy losses, and on the other 
hand, several components can calculated without hydraulic modelling (components requiring modelling are marked 
in grey in Fig.  1).  
 
 
Fig.  1. Energy auditing scheme  
2.2. Simplified energy auditing at the system and sub-system levels and calculation of efficiency metrics 
2.2.1. Simplified energy auditing 
The second step in the energy assessment is the calculation of a simplified energy auditing, which means 
calculating only five essential components: natural input energy, shaft input energy, energy from authorized 
consumption, energy from water losses and minimum energy required. This simplified auditing should be carried 
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out both at the system and at the sub-system level. With this analysis, it is possible to calculate energy efficiency 
metrics for the system, which is relevant to compare the efficiencies between many systems. Furthermore, the sub-
systems analysis is also critical, as it provides a general understanding of where are the most significant 
inefficiencies within a given system. All energy calculations should be carried out considering the same zero-
reference elevation and for a time period where the existing data are reliable (e.g., one year). Details for calculating 
each component are described in the following section. 
2.2.2. Natural input energy (
TNE ) 
In terms of this component, all reservoirs and water storage tanks at the entrance of the system or sub-system 
should be considered. Intermediate tanks are not considered as they do not add energy to the system. For each 
reservoir or storage tank, the required data are: annual volume of water supplied and piezometric head at the storage 
tank expressed in terms of the zero-reference elevation. The piezometric head is given by adding the topographic 
elevation to the average tank level subtracted by the zero-reference elevation. The annual natural input energy in 
kWh is given by: 
6
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2.2.3. Shaft input energy ( SE ) 
To calculate shaft input energy, all pumping stations should be independently considered on the position within 
the system or sub-system. The required data are: pumped flow rate, head at the pump station expressed in terms of 
the zero-reference elevation and pump efficiency. In many cases, on-site measurements of pump efficiency are 
difficult to obtain. Nevertheless,  using the efficiency values directly from the manufacturer catalogue may not be 
reliable for many reasons: the pump may be operating out of the design point, the pump may have been installed in a 
different angle which causes changes in its efficiency, among others. Therefore, to abbreviate the calculation of 
pump efficiencies, it is possible to use the bill from the electricity company, provided that there are not significant 
costs besides the energy for pumping water. However, for pumping stations at the entrance of the system, it is also 
necessary to take into consideration the energy due to the topographic location of the pumping station, referred to 
the zero-level elevation. The first equation describes the general calculation of this component and the second 
describes the calculation for pumping stations at the entrance of the system in case of using the bill from the electric 
company. The second equation is also an indirect way of calculating pump efficiencies, which is an added-value of 
this approach.  
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2.2.4. Energy from authorized consumption ( ACE ) and energy from water losses ( WLE ) 
The principle beneath the establishment of this energy auditing is the existence of a water audit, where the 
volume of authorized consumption and the volume of water losses for a given system or sub-system are known, as 
well as the total input water. In this sense, the energy from authorized consumption and the energy from water losses 
can be simply calculated as follows: 
 ACAC in
in
E E
             
 
WL
WL in
in
E E
             
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2.2.5. Minimum energy required ( minE ) 
The concept of minimum energy required refers to minimum energy theoretically needed to satisfy the consumers 
in the ideal case of having no losses in the system. The main reason for not including water losses is the possibility 
of evaluating the consumers’ needs separately and treat the losses in a specific component: energy in the nodes 
where losses occur. The calculation of the minimum energy required is dependent on the data that the water utility is 
able to collect. One possible method is to divide the system in sub-systems with similar elevation and occupation 
levels (i.e., with similar pressure requirements) where the average elevation and the volume correspondent to 
authorized consumption is known. In the cases where calibrated hydraulic models exist, the consumption and 
elevations of all nodes are known and can be used for a more accurate calculation. Equation (6) shows the 
calculation of this component, where i can refer to similar areas, or to consumption nodes.    
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2.3. Energy efficiency metrics 
Having calculated the simplified energy auditing, the next step is to calculate energy efficiency metrics. The 
performance indicator more widely used is the IWA Ph5 [8] and refers to the average amount of energy consumed 
per m3 at a pump head of 100 m efficiency. The main drawback of this indicator is the fact that it only assesses the 
efficiency of the components, regardless of the global system efficiency. Furthermore, it does not allow for 
monitoring the impact of different alternative solutions if they not have a direct impact on the pumping stations. 
Therefore, three new indices recommended by [9] have been applied, along with the topographic energy suggested 
by [10] and a very simple economic indicator which is the ratio between energy costs and operational costs have 
been chosen to assess energy efficiency. The referred metrics are described in the following paragraphs. 
E1 - Energy in excess per unit of input volume (kWh/m3):  
min1 inp recexc
in in
E E EE
E
                
This index represents the theoretical potential for energy reduction per m3 of the input volume. It should be as 
low as possible, though it is always positive. It is an adequate index to assess the impact of different energy 
management measures; however, it does not allow for the assessment of the impact of leakage control measures in 
energy efficiency. For this reason, E1 is not adequate for the comparison of systems with different water loss levels.  
E2 - Energy in excess per unit of the revenue water (kWh/m3):  
min2 inp recexc
rev rev
E E EE
E
               
This index represents the theoretical potential for energy reduction per m3 of revenue water. E2 is always a 
positive value, ideally as low as possible. Using the revenue water, Vrev, in the denominator (instead of the input 
flow) allows the index to reflect the impact of leakage control measures in terms of energy. If real losses are 
improved, the index will have a lower (better) value, since the numerator diminishes (Vinp is lower) and the 
denominator is the same. Therefore, E2 has advantages in comparison with E1 and should be preferred. 
Interventions that result in the improvement of the dissipated energy (e.g., pipe rehabilitation) will only be reflected 
in indices E1 and E2 if changes result into reduction of the total provided head at the source (i.e., provided hydraulic 
power).  
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E3 - Ratio of the maximum energy in excess (dimensionless):  
min
3 in
E
E
E
             
This index quantifies the theoretical energy in excess that is provided to the system (minus recovered energy) in 
comparison to the minimum energy necessary. Similarly to the previous two indices, the provided hydraulic head 
includes the head losses component, being the reason why it is always higher than 1. 
F1 – Fraction of energy lost in the transport of water (dimensionless): 
03 31 iF E E              
This metric only applies to sub-systems and uses the metric E3 calculated in two steps. The first is to calculate 
the energy input in a given sub-system taking into consideration the whole path from the source until the entrance of 
the sub-system. In the case of having one source for multiple sub-systems, the energy should be calculated 
proportionally to the total volume supplied in each sub-system. This is the value that should be considered to 
calculate 
03E . Then, the second step is to calculate the E3 referring only to the sub-system that is being supplied, 
regardless from the water path. By subtracting the two E3 the fraction of energy that is lost in the process of 
transporting water can be obtained. Therefore, it is possible to understand whether the inefficiencies are due to the 
path of the water, or due to the inefficiencies within the sub-system itself.  
T1 – Percentage of topographic energy (%) 
( )max
1 11 100
N iQ z z tAC
T
E Einp rec
J  '¦
  u           
This metric aims at representing the percentage of energy that is consumed only due to topographic constraints. 
[10]. In case of flat areas there is no topographic energy. In case of high values, it is important to study whether 
there is an alternative to the configuration that requires less topographic energy. This metric should be calculated for 
hydraulically independent sub-systems only and is sensitive to sub-system boundaries, i.e., changes in the 
boundaries can change the maximum elevation level which, therefore, requires a new evaluation. 
C1 – Percentage of energy costs within operational costs (%) 
1 100en
op
C
C
C
 u           
This very intuitive ratio aims at understanding the impact of energy costs in the amount of operational costs. 
Energy costs are calculated by summing all the invoices from the electric company, taking into consideration that 
costs with pumping are the majority of the energy costs and that costs with illumination are minor. Operational costs 
refer to all operation and maintenance costs and costs with the personnel. 
2.4. Complete energy auditing in the most critical areas 
The previous analysis aims at outlining the most critical areas, where solutions to improve energy efficiency 
should be adopted. After understanding the most inefficient areas, it is recommended to carry out a complete energy 
auditing, in order to decide which alternatives lead to the most significant gains of efficiency.  
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3. Case-study 
To show the application of the methodology steps, the case-study of Águas do Sado water utility is presented. 
Águas do Sado is a municipal concession responsible for delivering water to 62 306 clients in Setúbal Municipality, 
in the south of Portugal. This water supply system has 19 groundwater abstractions, 17 water storage tanks and eight 
pumping stations. This system has 25% of non-revenue water and consumes 5.5 GWh annually. 
3.1. Simplified energy auditing and calculation of efficiency metrics at the system level 
In terms of the energy auditing at the system level, the simplified energy auditing for the year 2013 is presented 
in Fig.  2. This system is considerably energy-dependent, as 99.8% of the water needs to be pumped. Approximately 
20% of the water pumped is lost due to the water losses in the system and pump inefficiencies account for 35% of 
the total energy input. The minimum energy needed to satisfy the consumers represents 44% of the total energy that 
enters the system.  
 
Fig.  2. Simplified energy auditing for Águas do Sado water utility [energy in kWh] 
The next step is the calculation of the simplified energy auditing for the sub-systems and the calculation of 
energy efficiency metrics. The system was divided in 17 sub-systems, each one corresponding to a storage tank. 
Fig.  3 shows the results obtained considering the global system and each sub-system. In some cases, values for the 
system are not calculated, as they do not have physical meaning and some extreme values are not shown in theas 
they could affect the visualization in some metrics, although they are referred in the text.  
In what concerns the standardized energy consumption, the system spends 0.45 kWh/(m3∙100m) and this value 
ranges between 0.39 and 0.91 kWh/(m3∙100m) in the sub-systems, which corresponds to efficiencies between 30 and 
70%. In terms of the E1, the system consumes averagely 0.34 kWh per each cubic meter of water that enters in the 
system, and this value ranges between 0.1 and 0.45 kWh/m3 in the sub-systems. The metric E2, which accounts for 
the energy consumed per cubic meter of revenue water has a global value 0.47 kWh/m3 and has much more 
variability, ranging from 0.1 and 1.9 of kWh/m3.  
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Fig.  3. Metrics results for the system and sub-systems 
The E3, which is the ratio between the energy supplied and the minimum energy required is 2.3 for the system, 
meaning that there the energy supplied is more than twice the minimum necessary. For the sub-systems, this value 
varies considerably between 1.3 and 4.9.  
In terms of the F1, which represents the fraction of energy that is lost due to the path of water from the source 
until the sub-system boundaries, this value can be equivalent to four times the minimum energy required. This fact 
highlights the importance of looking at the system´s layouts and re-thinking the way water is supplied.  
In Águas do Sado, the topography is steep in some cases. For instance, the elevations can vary between 2 m in 
the lowest areas (at the sea level) and 130 m in the mountain. The abstraction that supplies water to the mountain is 
the same that supplies the lowest ones, which means that in these two sub-subsystems there is an automatic excess 
of energy due to topography constraints. 
The metric C1 has a global value of 30%, ranging between 14 and 46%, showing that energy costs in some sub-
systems of Águas do Sado can reach almost half of the utility´s operational costs.  
In terms of the T1, that accounts for the ratio between the energy that is needed to supply water to the highest 
nodes of the sub-systems and the total energy supplied, the values range between 0.1 and 0.21. This means that the 
topographic energy can reach 21% of the energy supplied in some sub-systems. 
 In order to have a geographic overview of the 17 sub-systems analysed, Fig.  4 shows the location of Setúbal 
municipality within Portugal, as well as the values obtained for the metrics Ph5 and E3. The upper map represents 
the standardized energy consumption using the reference values established by ERSAR, where green represents a 
good service level, yellow represents an acceptable service level and red represents an unsatisfactory level. The sub-
systems in white do not have pumping stations and therefore, it is not possible to compare the different sub-systems 
in terms of energy efficiency. 
 The fact that the Ph5 refers only to the components’ efficiency, regardless of the global efficiency is the main 
reason for using metrics such as E3, which take into consideration the system as a whole. As depicted, while some 
sub-systems cannot be evaluated in terms of the Ph5, the metric E3 not only allows a comparison between all sub-
systems, but also highlights the fact that some sub-systems with acceptable levels of pump efficiency are supplying 
much more energy than the minimum required – particularly sub-systems 2 and 13. Sub-system 13 is where water is 
pumped to supply water to the mountain and then to the beaches (sub-systems 13 and 14). Since this is an almost 
inevitable path due to the topographic conditions, sub-system 1 was considered one of the most critical ones and 
therefore, a complete energy auditing has been carried out for the purpose of outlining its major inefficiencies.  
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3.2. Complete energy auditing in the most critical areas 
The energy supplied to Sub-system 1 is almost twice the minimum energy required, and the standardized energy 
consumption is equivalent to a pump efficiency of 62%. The energy costs in this sub-system represent 28% of the 
operational costs. The operational costs in this sub-system are very high due to the high percentage of work orders 
(e.g., pipe bursts).  The complete energy auditing for Sub-system 1 is presented in 
 
Fig.  5 and has been calculated based on a calibrated hydraulic model.  
(a) 
(b) 
Fig.  4. Geographic variation of the Ph5 (a) and E3 (b) efficiency metrics for the 17 sub-systems 
 
1107 Aisha Mamade et al. /  Procedia Engineering  119 ( 2015 )  1098 – 1108 
 
Fig.  5. Complete energy auditing for Sub-system 1 
A simulation with water losses and without including water losses has been carried out. Results show that 37% of 
the total energy input is delivered to the consumers, although 21% would have been enough to satisfy the 
consumers. Furthermore, 63% of the energy is dissipated or it is associated to water losses in the sub-system. 
Particularly, 10% of the water is dissipated in the pipes, mostly in the conveyance system, 19% corresponds to pump 
inefficiencies and 32% corresponds to energy associated to water losses. These results highlight the importance of 
the joint management of water and energy. In this real sub-system, reducing water losses would have a significant 
impact in terms of energy efficiency 
4. Conclusions 
A new procedure for outlining major energy inefficiencies regarding the supply and distribution of water has been 
presented. The application of an energy auditing scheme consolidated among 17 water utilities in the scope of the 
Portuguese National Initiative for the management of water-energy losses (www.iperdas.org) is the basis for this 
procedure. The first step is a simplified energy auditing applied to the system and sub-systems where no hydraulic 
models are needed. This approach is considerably advantageous for utilities with fewer resources. This step also 
involves the calculation of energy efficiency metrics concerning the equipment efficiency (Ph5), the global system 
efficiency (E1, E2 and E3), the fraction of energy lost in transporting water from the source (F1), the economic 
impact of energy costs to the operating costs (C1) and the importance of topographic constraints (T1). The 
calculation of these metrics to the sub-systems is very important as it already provides an insight on the origin of 
main inefficiencies related to the sub-systems. The next step for the utilities with calibrated models is the calculation 
of all the remaining components that refer to the energy dissipated in the pipes and valves. The application of the 
referred procedure to Águas do Sado has been presented. The analysis carried out allowed the identification of the 
priority areas in terms of energy efficiency, after which a more detailed analysis has been carried out. Results show 
the importance of having global metrics to complement the metrics regarding individual components and also 
demonstrate that inefficiencies are mostly related to system layout, the lack of intermediate service pressure levels 
and important gains in efficiency can be achieved by reducing water losses. 
References 
[1] WWAP, The United Nations World Water Development Report 2014: Water and Energy. Paris: UNESCO, 
2014. 
1108   Aisha Mamade et al. /  Procedia Engineering  119 ( 2015 )  1098 – 1108 
[2] Taffler, Lesley, and Zelenka, "Recycled water and the water-energy-carbon nexus," Water environment & 
technology, pp. 34-41, 2008. 
[3] Puleo, Morley, Freni, and Savić, "Multi-stage linear programming optimization for pump scheduling," 
2013. 
[4] Mamade, Loureiro, Covas, and Alegre, "Energy auditing as a tool for improving service efficiency of water 
supply systems," in 16th Conference on Water Distribution System Analysis, WDSA 2014, Bari, Italy, 2014. 
[5] Loureiro, Mamade, Ribeiro, Vieira, Alegre, and Coelho, "Implementing water-energy loss management in 
water supply systems through a collaborative project," in 6th Water Loss, Vienna, Austria, 2014. 
[6] ISO, "ISO 55000 Asset management — Management systems — Guidelines for the application of ISO 
55000.," ed, 2013. 
[7] ISO, "ISO 50001 Energy management systems — Requirements with guidance for use ISO 50001:2011.," 
ed, 2011. 
[8] Alegre, Baptista, Cabrera Jr., Cubillo, Duarte, Hirner, et al., Performance indicators for water supply 
services second edition ed.: IWA Publishing, 2006. 
[9] Duarte, Alegre, and Covas, "PI for assessing effectiveness of energy management processes in water supply 
systems," PI09: Benchmarking water services-the way forward (IWA), 2009. 
[10] Cabrera, Gómez, Cabrera, Soriano, and Espert, "Energy Assessment of Pressurized Water Systems," 
Journal of Water Resources Planning and Management, vol. 0, p. 04014095, 2014. 
 
 
